Electronic transitions of cobalt monoboride J. Chem. Phys. 135, 204308 (2011) The electronic spectrum of the previously unknown HAsO transient molecule J. Chem. Phys. 135, 184308 (2011) Rotational temperature analysis of N2 by resonant enhanced multi-photon ionization with fluorescence detection J. Appl. Phys. 110, 083309 (2011) Theoretical investigation of the photophysics of methyl salicylate isomers J. Chem. Phys. 135, 164306 (2011) Laser-induced fluorescence studies of HfF+ produced by autoionization J. Chem. Phys. 135, 154308 (2011) Additional information on J. Chem. Phys. Restricted-spin coupled-cluster single-double plus perturbative triple excitation ͕RCCSD͑T͖͒ calculations were carried out on the X 2 B 1 and Ã 2 A 1 states of AsH 2 employing the fully relativistic small-core effective core potential ͑ECP10MDF͒ for As and basis sets of up to the augmented correlation-consistent polarized valence quintuple-zeta ͑aug-cc-pV5Z͒ quality. Minimum-energy geometrical parameters and relative electronic energies were evaluated, including contributions from extrapolation to the complete basis set limit and from outer core correlation of the As 3d 10 electrons employing additional tight 4d3f2g2h functions designed for As. In addition, simplified, explicitly correlated CCSD͑T͒-F12 calculations were also performed employing different atomic orbital basis sets of up to aug-cc-pVQZ quality, and associated complementary auxiliary and density-fitting basis sets. The best theoretical estimate of the relative electronic energy of the were computed at different RCCSD͑T͒ and CCSD͑T͒-F12 levels. These PEFs were used in variational calculations of anharmonic vibrational wave functions, which were then utilized to calculate Franck-Condon factors ͑FCFs͒ between these two states, using a method which includes allowance for anharmonicity and Duschinsky rotation. The Ã ͑0,0,0͒-X single vibronic level ͑SVL͒ emission spectrum of AsH 2 was simulated using these computed FCFs. Comparison between simulated and available experimental vibrationally resolved spectra of the Ã ͑0,0,0͒-X SVL emission of AsH 2 , which consist essentially of the bending ͑2 n ͒ series, suggests that there is a significant loss in intensity in the low emission energy region of the experimental spectrum.
I. INTRODUCTION

AsH 2 is important as an intermediate in chemical vapor
etching of gallium arsenide ͑GaAs͒ in the semiconductor industry, when arsine ͑AsH 3 ͒ is used as a precursor. [1] [2] [3] This has provided a stimulus for various spectroscopic investigations, which include absorption, 4 emission, 5 microwave ͑MW͒, 6, 7 far infrared laser magnetic resonance ͑FIR-LMR͒, 3 laser induced fluorescence ͑LIF͒, 8 dispersed fluorescence ͕or single vibronic level ͑SVL͒ emission͖ 8 and cavity ringdown ͑CRD͒ absorption 9 spectroscopic studies ͑detailed discussions on previous spectroscopic studies on AsH 2 can be found in Refs. 3, 8 , and 9, and hence they will not be repeated here͒. On the computational front, some ab initio studies 8, [10] [11] [12] [13] [14] have been made on AsH 2 , and, also, two high-level, scalar relativistic studies have recently been published on AsH 2 + . They involve third order Douglas-Kroll coupled-cluster singledouble-triple-quadruple excitation ͑DK3-CCSDTQ͒ ͑Ref. 15͒ and active space DK3-CCSDTq ͑Ref. 16͒ calculations. However, the highest level ab initio calculations performed previously on the X 2 B 1 and Ã 2 A 1 states of AsH 2 are the coupled-cluster single-double plus perturbative triple excitation ͕CCSD͑T͖͒ calculations described in Ref. 8 , which employed the augmented correlation-consistent polarizedvalence quadruple-zeta ͑aug-cc-pVQZ͒ basis set. In the present study, we propose to carry out higher level ab initio calculations on the X 2 B 1 and Ã 2 A 1 states of AsH 2 , which include considerations of scalar relativistic effects and outer core correlation in As and extrapolation to the complete basis set ͑CBS͒ limit. We also proposed to use explicit correlation methods ͑vide infra͒. In addition, we propose to carry out spectral simulations on the Ã ͑0,0,0͒-X SVL emission spectrum of AsH 2 , based on computed Franck-Condon ͑FC͒ factors, which include allowance for anharmonicity and a͒ Also at Southampton.
Duschinsky rotation. The experimental Ã ͑0,0,0͒-X SVL emission spectrum of AsH 2 has been recorded recently. 8 As will be discussed, comparison between simulated and experimental spectra suggests a significant loss in intensity in the low emission energy region of the experimental spectrum.
II. THEORETICAL CONSIDERATIONS AND COMPUTATIONAL DETAILS
Geometry optimization and harmonic vibrational frequency calculations were carried out on the X 2 B 1 and Ã 2 A 1 states of AsH 2 employing the restricted-spin coupled-cluster single and double plus perturbative triple excitations ͕RCCSD͑T͖͒ method 17 as implemented in the MOLPRO suite of programs. 18 Basis sets of different qualities have been used and they are summarized in Table I . Specifically, the fully relativistic small-core effective core potential ͑ECP͒, ECP10MDF, 19 and associated augmented correlationconsistent polarized valence quadruple-and quintuple-zeta basis sets ͑aug-cc-pVQZ_PP and aug-cc-pV5Z_PP͒ ͑Ref. 20͒ were used for As ͓see Table I for the corresponding basis sets used for H ͑Ref. 21͔͒. In addition to accounting for the 1s 2 2s 2 2p 6 core electrons of As, the fully relativistic ECP10MDF ECP also accounts for scalar relativistic contributions from As. Regarding outer core correlation, the As 3d 10 electrons were correlated explicitly in the RCCSD͑T͒ calculations, employing the aug-cc-pV5Z_PP basis set for As and with additional tight 4d3f2g2h functions designed to account for the As 3d 10 electrons adequately ͑labeled as ACV5Z throughout; see Table I and footnote e͒. From our previous investigation on low-lying electronic states of SbO 2 , it was found that, while effects of outer core correlation of the Sb 4d 10 electrons on optimized geometrical parameters and computed relative electronic energies are considerable, core correlation effects arising from the Sb 4s 2 4p 6 electrons are insignificantly small. 22 Since As is above Sb in the Periodic Table, core correlation effects of the As 3s  2 3p   6 electrons on computed molecular properties are expected to be weaker than those of the Sb 4s 2 4p 6 electrons, because the energy separations between the outer core 3s3p shells and the valence 4s4p shells of As are larger than the corresponding separations between the outer core 4s4p shells and the valence 5s5p shells of Sb. In view of the above considerations, it is concluded that including only outer core correlation of As 3d 10 electrons in the present study on AsH 2 should be adequate. Lastly, extrapolations of optimized geometrical parameters and computed relative electronic energies to the CBS limit were carried out employing the two point extrapolation technique of the form, 1 / X 3 . 23 In obtaining the best theoretical estimates of these computed quantities, it has been assumed that contributions arising from outer core correlation of As and extrapolation to the CBS limit are additive.
In addition to RCCSD͑T͒ calculations described above, we have also carried out geometry optimization and harmonic vibrational frequency calculations on the X 2 B 1 and Ã 2 A 1 states of AsH 2 using explicitly correlated coupled cluster methods based on the recently reported, simplified UCCSD-F12x approximations. 24 The historical development of explicit correlation methods has been reviewed recently, 25 and the F12 approach ͑F12 denotes a nonlinear correlation factor cf. a linear correlation factor as used in the R12 approach; see Refs. 24 and 25͒ has been incorporated into the MP2 ͑Møller-Plesset theory to the second order͒ and CCSD theory ͑see Refs. 24 and 25, and references therein͒. In the present study, the simplified RHF/UCCSD͑T͒-F12x ͑x=a or b; see Ref. 24 and MOLPRO online user manual 26 for details, and the acronyms used͒ methods, as implemented in MOLPRO, have been employed. The atomic orbital ͑AO͒ basis sets, associated complementary auxiliary basis sets ͕CABS for resolution of identity ͑RI͒ approximations͖ and density fitting ͑DF͒ basis sets used in these UCCSD͑T͒-F12x ͑x=a or b͒ calculations are also given in Table I ͑see footnotes c, d, f, and g͒. Most of the default options ͑e.g., the wave function ansatz, RI approximation, CABS, and DF basis sets͒ as rec- Nbasis is the total number of contracted Gaussian functions used for AsH 2 .
c The ECP10MDF_aug-cc-pVTZ and aug-cc-pVTZ AO bases for As and H, respectively, were used with the RI͑R͒-basis of cc-pVTZ/JKFIT ͑number of functions= 244͒ and DF-basis of aug-cc-pVTZ/MP2FIT ͑number of functions= 283͒ in the UCCSD͑T͒-F12x calculations ͑see text, and also Refs. 24 and 26͒.
d
The ECP10MDF_aug-cc-pVTZ AO basis for As was augmented with 3d ͑exponents: 13.5, 4.5, 1.5͒ and 2f ͑exponents: 7.5, 2.5͒ tight functions in order to account for the As 3d 10 outer core electrons adequately. The RI͑R͒-basis of cc-pVTZ/JKFIT ͑number of functions= 244͒ and DF-basis of aug-cc-pVTZ/ MP2FIT ͑number of functions= 283͒ were used in the UCCSD͑T͒-F12x calculations ͑see text, and also Refs. 24 and 26͒. e The augmented 4d3f2g2h functions designed to account for the As 3d 10 outer core electrons have the following exponents: 4d ͑18.4, 9.2, 4.6, and 2.3͒, 3f ͑12.0, 4.8, and 1.92͒, 2g ͑7.2 and 2.4͒, and 2h ͑8.575 and 2.45͒. The all electron ͑denoted by the subscript ae͒ aug-cc-pVTZ AO basis, the default RI͑R͒-basis of cc-pVTZ/JKFIT ͑number of functions= 244͒ and DF-basis of aug-cc-pVTZ/MP2FIT ͑number of functions= 283͒ were used in the UCCSD͑T͒-F12x calculations ͑see text, and also Refs. 24 and 26͒. g The all electron ͑denoted by the subscript ae͒ aug-cc-pVQZ AO basis, the default RI͑R͒-basis of cc-pVQZ/JKFIT ͑number of functions= 297͒ and DF-basis of aug-cc-pVQZ/MP2FIT ͑number of functions= 422͒ were used in the UCCSD͑T͒-F12x calculations ͑see text, and also Refs. 24 and 26͒. ommended by the authors of MOLPRO ͑see Refs. 24 and 26͒ have been used. Nevertheless, the following points should be noted. First, although the computed contributions of perturbative triple excitations in the UCCSD͑T͒-F12x approach do not have a direct F12 correction, a simple and pragmatic improvement of the triples energy by the scaling factor, E corr MP2-F12 / E corr MP2 ͑i.e., the ratio between the computed correlation energies obtained at the MP2 and MP2-F12 levels͒, has been proposed. 24, 26 In this connection, in the following discussion, ͑T sc ͒ denotes scaled triples obtained in this way ͕i.e., ⌬E͑T sc ͒ = ⌬E͑T͒ ϫ E corr MP2-F12 / E corr MP2 ͖. ͕Note that in the following text, when UCCSD͑T͒-F12x is used, it refers generally to calculations employing scaled or unscaled triples and also use of the x = a or b methods. 24 Otherwise, the specific choices of triples and x will be given. Also, in all cases, the restricted-spin Hartree-Fock ͑RHF͒ wave function is used as the reference wave function in subsequent UCCSD͑T͒-F12x calculations as implemented in MOLPRO.͖ Although it was found that computed scaling factors can have values larger or smaller than 1, they are quite close to 1 in most cases. As a result, the differences between using scaled or unscaled triples were found to be insignificantly small ͑vide infra͒. Second, with the AVTZ and ACVTZ basis sets, which are basis sets associated with the ECP10MDF ECP ͑see Table I͒, the CABS and DF basis sets used in the UCCSD͑T͒-F12x calculations carried out in the present study are the same as those used with the all-electron AVTZ ae basis set ͑see footnotes c and d of Table I͒. As will be discussed below, the results obtained suggest that these CABS and DF basis sets are suitable and adequate for the ECP AO basis set used. Third, benchmark UCCSD͑T͒-F12x calculations very recently reported in Ref. 24 have not considered core electrons, ECP basis sets and third row elements, which have been investigated in the present study.
The fitting of potential energy functions ͑PEFs͒ of the two electronic states involved, variational calculations of anharmonic vibrational wave functions, and FC factor calculations employing computed anharmonic vibrational wave functions and including allowance for Duschinsky rotation have been described previously, 27, 28 and hence will not be repeated here. Nevertheless, some technical details specific to the present studies are summarized in 
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Absorption and SVL emission spectra of AsH 2 J. Chem. Phys. 132, 234309 ͑2010͒ Ã 2 A 1 state͒. In any case, since the geometry difference between the two states concerned is mainly in the bond angle, vibrational excitations are essentially in the bending mode, whether upon excitation or deexcitation, and the involvement of the symmetric stretching mode is very weak, as shown in the experimental SVL emission spectrum to be discussed below. In this connection, it is concluded that the PEFs employed in the present study are adequate for the purpose.
In simulation of the Ã 2 A 1 ͑0,0,0͒ → X 2 B 1 SVL emission spectrum of AsH 2 , vibrational components were simulated using Gaussian functions with a full-width-at-halfmaximum ͑FWHM͒ of 5 cm −1 . The relative intensity of each vibrational component in a simulated SVL emission spectrum was expressed as the product of the corresponding computed anharmonic FC factor and a frequency factor of power 4. In simulated SVL emission spectra, the energy scale in wavenumber ͑cm −1 ͒ is taken relative to the laser excitation line, i.e., the displacement energy from the excitation frequency toward lower emission energy ͑hence it is a negative number; note that in published experimental dispersed fluorescence spectra, the energy axis usually gives the displacement energy as a direct measure of the ground electronic state vibrational energy, hence is a positive number͒.
III. RESULTS AND DISCUSSIONS
Ab initio computed values are summarized and compared with experimental values, where available, in Tables  III-VII . Some representative simulated spectra are given in Figs. 1-3. Computed geometrical parameters, vibrational frequencies and relative electronic energies of the X 2 B 1 and Ã 2 A 1 states of AsH 2 will be discussed first, before the simulated spectra are presented and discussed.
IV. OPTIMIZED GEOMETRICAL PARAMETERS OF THE X 2 B 1 STATE OF AsH 2
From Table III , it can be seen that with the RCCSD͑T͒ method, basis set size effects ͕differences between RCCSD͑T͒/AVQZ and RCCSD͑T͒/AV5Z results͖ on the computed equilibrium bond lengths and angles of the X 2 B 1 state of AsH 2 are insignificantly small, when basis sets of AVQZ and AV5Z qualities are used. Core correlation effects ͑differences between AV5Z and ACV5Z results͒ are slightly larger on the optimized bond length than basis set size effects, but are negligibly small for the computed bond angle. The best estimated equilibrium geometrical parameters for the X 2 B 1 state of AsH 2 obtained in the present study are r e ͑AsH͒ = 1.5118Ϯ 0.0002 Å and e ͑HAsH͒ = 90.89°Ϯ 0.01°͑see footnote c of Table III͒ . When these best estimated values are compared with available experimentally derived r e values of 1.5249 Å and 90.765°from the CRD study of Ref. 9, and 1.5158Ϯ 0.0006 Å and 90.79°Ϯ 0.08°from the MW study of Ref. 7, the agreement between theory and experiment in the equilibrium bond angle, e , is found to be within 0.13°, which is very good. For the equilibrium bond length, r e , the agreement between the best estimated value obtained here and the experimental value derived from the MW study is within 0.004 Å, which is also very good. However, the agreement with the experimentally derived value from the CRD study is not as good ͑difference 0.013 Å͒. Our best estimated r e value favors the experimental r e value derived from the MW study over that derived from the CRD study. Nevertheless, it should be noted that experimental r e geometrical parameters are usually derived from experimental r 0 geometrical parameters ͑with corrections for centrifugal distortion and anharmonicities; see, for example, Ref Table  III͒ , it is pleasing to see that the agreement between theory and experiment is very good.
Considering the computed equilibrium geometrical parameters of the X 2 B 1 state of AsH 2 obtained employing the explicitly correlated UCCSD͑T͒-F12x methods, the following conclusions can be drawn based on the results shown in Table III . First, basis size effects ͑for example, differences between using the AVTZ ae and AVQZ ae basis sets͒ seem to be small. This is as expected for explicitly correlated methods, which can achieve a dramatic improvement of basis set convergence of correlation energies when compared with conventional correlation methods ͑e.g., results of a quintuple-zeta quality basis set using a conventional correlation method can be obtained with a triple-zeta quality basis set using an explicitly correlated method; see Ref. 24 and references therein͒. Second, based on results obtained from a systematic investigation using the AVTZ basis set, the differences between using the F12a or F12b approximation, and/or scaled ͑T sc ͒ or unscaled ͑T͒ triples are insignificantly small. Third, the largest differences in the optimized r e values ͑de-creases of approximately 0.01 Å͒ arise from including the As 3d 10 core electrons in the correlation treatment ͑the differences between employing the ACVTZ and AVTZ basis sets͒. Fourth, the largest differences in the optimized e values ͑differences of approximately 0.3°͒ arise from the use of ECP basis sets compared with use of all electron basis sets, suggesting that relativistic effects decrease the computed e values slightly. In addition, the similar results obtained using ECP and all electron basis sets, and both RCCSD͑T͒ and UCCSD͑T͒-F12x methods, suggest that the CABS and DF basis sets employed in UCCSD͑T͒-F12x calculations are suitable and adequate in all cases. Lastly, it is pleasing to see that the computed geometrical parameters ͑r e and r 0 values͒ obtained at the UCCSD͑T͒-F12b/ACVTZ and UCCSD͑T sc ͒-F12a / ACVTZ levels, with the As 3d 10 core electrons being included in the correlation treatment, agree reasonably well with the best estimated and available experimentally derived values discussed above. Contributions from As 3d 10 outer core correlation take the difference between the computed RCCSD͑T͒/ACV5Z values, which include As 3d 10 electrons in the correlation calculations, and the RCCSD͑T͒/AV5Z values, with the default frozen core. Table IV͒ , the observed trends are very similar to those observed for the X 2 B 1 state discussed above, and hence will not be repeated here. Summarizing, the computed UCCSD͑T͒-F12x/ACVTZ geometrical parameters agree very well with the best estimates based on RCCSD͑T͒ results discussed above. It should be noted that a single energy calculation at the RCCSD͑T͒/ACV5Z level takes approximately 17 times more CPU time than a calculation at the UCCSD͑T͒-F12x/ACVTZ level. It is therefore concluded that the simplified explicitly correlated UCCSD͑T͒-F12x methods are very attractive alternatives to conventional correlation methods, because they are computationally, considerably less expensive ͑by employing a smaller AO basis set͒, but appear to be as reliable ͑see also later text͒. Contributions from As 3d 10 outer core correlation take the difference between the computed RCCSD͑T͒/ACV5Z values, which include the As 3d 10 electrons in the correlation calculations, and the RCCSD͑T͒/AV5Z values, with the default frozen core. quencies are slightly larger than the experimental ones in all cases, suggesting slight underestimations of anharmonicities in the variational calculations of anharmonic vibrational wave functions of both states of AsH 2 , when anharmonic vibrational wave functions are expressed in terms of linear combinations of harmonic basis functions. Nevertheless, the largest discrepancy between computed and experimental fundamental frequencies ͑ 1 Ј͒ is less than 4% of the experimental value, which may be considered as acceptable. 
V. OPTIMIZED GEOMETRICAL PARAMETERS OF THE
VII. COMPUTED RELATIVE ELECTRONIC ENERGIES
From
͑0.092eV͒.
Considering the computed UCCSD͑T͒-F12x relative electronic energies shown in Table VII , it is clear that relativistic contributions, as accounted for by employing the fully relativistic ECP, are important in the evaluation of the Ã -X relative electronic energy of AsH 2 . This is shown in the differences between computed UCCSD͑T͒-F12x T e values obtained employing the all electron basis sets ͑AVTZ ae and AVQZ ae ͒ and the ECP basis sets ͑AVTZ and ACVTZ͒. Specifically, with the all electron basis sets, the computed UCCSD͑T͒-F12x T e values are of similar magnitudes ͑ap-proximately 19 100 cm −1 ͒ to the UCCSD͑T͒/aug-cc-pVQZ T e value of Ref. In addition, it can be seen from Table VII that the differences between the two F12x ͑x=a or b͒ approximations are small at least as far as computed relative electronic energies are concerned. However, if the triple excitations are not included, whether scaled or unscaled, the computed T e values are larger, in the approximately 20 070 cm −1 region. Summarizing, it is concluded that contributions from relativistic effects, core correlation and triple excitations are important in the evaluation of relative electronic energies of AsH 2 . Nevertheless, the differences between the two F12x ͑x=a or b͒ approximations, and between scaled and unscaled triples, are small. Lastly, it should be mentioned that the computed DF-RMP2-F12// RHF/UCCSD͑T͒-F12b/ACVTZ and DF-RMP2-F12/ /RHF/ UCCSD͑T sc ͒-F12a / ACVTZ T e values of 19 904.7 and 19 905.6 cm −1 , respectively, agree very well with the experimental T 0 values of approximately 19 909 cm −1 , suggesting that the density-fitted explicitly correlated MP2 method ͑DF-RMP2-F12͒ may be an even more cost-effective method than the more elaborate UCCSD͑T͒-F12x method.
VIII. SIMULATED Ã "0,0,0…-X SVL EMISSION SPECTRA OF AsH 2
Before simulated spectra are discussed, it should be noted that the best estimated geometrical parameters of the two states involved, obtained in the present study, have been employed in FC factor calculations, thus giving the best theoretical simulated spectra, unless otherwise stated. In any case, the best estimated geometry changes ͑⌬r e and/or ⌬r 0 geometrical parameters͒ of the two states of AsH 2 upon deexcitation obtained in the present study are very similar to those derived experimentally from Refs. 4, 8, and 9 ͑for instance, the best estimated ⌬r e and ⌬ e values differ only by approximately 0.006 Å and 0.3°from the corresponding, experimental values derived in the CRD study 9 ͒, as mentioned above. Nevertheless, the geometry, particularly the bond when simulated and experimental Ã ͑0,0,0͒-X SVL emission spectra are compared below.
First, simulated spectra obtained employing three different sets of PEFs are compared in Fig. 1 . It can be seen that the three simulated spectra are very similar. Only slight differences are found in the low emission energy region ͑large displacement energy from the excitation frequency; less than −7000 cm −1 in Fig. 1͒ of the simulated spectrum obtained employing the RCCSD͑T͒/AV5Z PEFs for the two states ͑bottom trace in Fig. 1͒ , when compared with the other two simulated spectra. Specifically, with the set of RCCSD͑T͒/ AV5Z PEFs, vibrational components to ͑0,v 2 Љ,0͒ and ͑1,v 2 Љ-2,0͒ levels, with v 2 ЉՆ 8, appear to have stronger mixings than those with the other two sets of PEFs. Theoretically, the RCCSD͑T͒/ACV5Z and UCCSD͑T sc ͒-F12a / ACVTZ PEFs should be superior to the RCCSD͑T͒/AV5Z PEFs, as the former PEFs have included As 3d 10 core correlation, but the latter PEF has not. Also, comparisons between simulated and experimental Ã ͑0,0,0͒-X SVL emission spectra suggest that the agreement with the experimental spectrum ͑Fig. 2 top trace͒ is slightly poorer for the RCCSD͑T͒/AV5Z simulated spectrum in the low emission energy region than for the other two simulated spectra ͑middle and top traces in Fig. 1͒ . As for the simulated Ã ͑0,0,0͒-X SVL emission spectra obtained employing the RCCSD͑T͒/ACV5Z and UCCSD͑T sc ͒-F12a / ACVTZ PEFs, they are essentially identical up to approximately −9000 cm −1 displacement energy ͑Fig. 1, middle and top traces͒. For the sake of simplicity, we focus mainly on simulated spectra obtained with the RCCSD͑T͒/ACV5Z PEFs from here onwards.
The experimental Ã ͑0,0,0͒-X SVL emission spectrum of Ref. 8 is compared with the simulated spectrum obtained using the set of RCCSD͑T͒/ACV5Z PEFs for the two states in Fig. 2 . Theory and experiment agree that there is only one main ͑0,0,0͒-͑0,n 2 Љ,0͒ vibrational series ͑the doublet structure for each vibrational component observed in the experimental spectrum is due to partially resolved rotational structure; see original work͒. However, a more detailed comparison reveals some discrepancies between the simulated and experimental spectra. Specifically, the 2 2 vibrational component has the maximum relative intensity in the experimental spectrum ͑top trace of Fig. 2͒ , while the 2 4 vibrational component is the strongest in the simulated spectrum ͑bottom trace of Fig. 2͒ . In addition, the changes in relative intensities of the vibrational components near the band maximum at the 2 2 vibrational component in the experimental spectrum seem to be rather large for 2 n components with n Ն 3, unlike the more smooth and gradual changes in the 2 n progression of the simulated spectrum. As discussed above, the computed and experimentally derived bond angle changes upon deexcitation agree with each other and are nearly 32°. In this connection, it seems more reasonable that the maximum relative intensity in the 2 n bending series occurs for the 2 4 component as in the simulated spec- trum than for the 2 2 component as in the experimental spectrum. In order to obtain a simulated vibrational envelope, which has the 2 2 component as the strongest in the Ã ͑0,0,0͒-X SVL emission band, further FC factor calculations were carried out using smaller bond angles for the Ã 2 A 1 state. Simulated spectra thus obtained suggest that the bond angle change upon deexcitation has to be reduced to approximately 24°, i.e., the e Ј value for the Ã 2 A 1 state would be approximately 115°, which is smaller than the best theoretical estimate and experimentally derived values by approximately 7°. A simulated spectrum obtained with e Ј = 115.0°͑the rest of the geometrical parameters used are the best estimates͒ is compared with the experimental spectrum in Fig. 3 . Although the match between the simulated and experimental spectra in Fig. 3 may appear to be better than that in Fig. 2 , the difference between a smooth and gradual change of relative intensities of successive vibrational components in the simulated spectrum and a larger intensity change in the experimental spectrum, as mentioned above, can still be seen in Fig. 3 . Also, with the equilibrium geometry of the Ã 2 A 1 state of AsH 2 used to simulate the spectrum shown in Fig. 3 to lower emission energies, in an energy region similar to the Ã ͑0,0,0͒-X SVL emission of AsH 2 , were recorded using both a PMT and a ICCD͖. It is therefore concluded that the discrepancies between the experimental Ã ͑0,0,0͒-X SVL emission spectrum and the best theoretical simulated spectrum is probably due to a loss of detector sensitivity toward low emission energies in the experimental spectrum ͑see also Ref. 31͒.
IX. CONCLUDING REMARKS
State-of-the-art ab initio calculations have been carried out on the X 2 B 1 and Ã 2 A 1 states of AsH 2 , employing the established correlation method, RCCSD͑T͒, and two simplified versions of the explicitly correlation method, UCCSD͑T͒-F12x, where x = a or b. With the conventional RCCSD͑T͒ method, basis sets of up to quintuple-zeta quality were used and extrapolation to the CBS limit was carried out. In addition, relativistic effects were accounted for by employing a fully relativistic ECP for As, and core correlation of the As 3d 10 electrons was included explicitly with a tight set of 4d3f2g2h functions added to the ECP10MDF_AV5Z basis set. It is pleasing that with this conventional approach, the best estimated relative electronic energy between the Ã 2 A 1 and X 2 B 1 states of AsH 2 obtained, which is supposed to be one of the most demanding quantities ͑cf. geometry and vibrational frequencies as considered in a composite method͒ to be computed in an ab initio manner, agrees with highly reliable experimental values to within 45 cm −1 ͑0.0056 eV͒. With the simplified explicitly correlated methods, UCCSD͑T͒-F12x, it has been found that the differences between the two versions, F12a and F12b, and also between including scaled and unscaled triples, are small. In addition, we have employed ECP basis sets for As and also correlated As 3d 10 electrons explicitly in UCCSD͑T͒-F12x calculations for the first time. It was found that with a core-valence triple-zeta quality ECP basis set and As 3d 10 electrons being correlated, UCCSD͑T͒-F12x results are comparable with the best estimated results obtained based on RCCSD͑T͒ calculations employing quadruple-and quintuple-zeta basis sets and extrapolation to the CBS limit. Since these UCCSD͑T͒-F12x calculations have employed a smaller basis set than the RCCSD͑T͒ calculations, they require only a fraction of the computational cost when compared with the RCCSD͑T͒ calculations. As a bonus, it was found that the DF-RMP2-F12 method also performs very well regarding computed relative electronic energies. In this connection, explicitly correlated methods, such as DF-RMP2-F12 and UCCSD͑T͒-F12x, are clearly very attractive alternatives to conventional correlation methods, particularly for larger molecular systems. It is anticipated that these explicitly correlated methods will replace conventional correlated methods in the near future, as a matter of choice.
We have also computed PEFs for the two states of AsH 2 at different ab initio levels, which were used in variational calculations of anharmonic vibrational wave functions, which were in turn used in FC factor calculations between the two states of AsH 2 . It is pleasing that simulated emission spectra obtained with the computed UCCSD͑T sc ͒-F12a / ACVTZ PEFs are almost identical to corresponding simulated spectra obtained with the computationally much more demanding RCCSD͑T͒/ACV5Z PEFs. Again, this suggests that explicitly correlated methods can be used to generate reliable PEFs in lieu of conventional correlated methods at a considerably reduced cost.
Regarding the geometrical parameters of the X 2 B 1 and Ã 2 A 1 states of AsH 2 , and the geometry changes upon excitation/deexcitation between the two states, it is concluded that theory and experiment agree very well, and these values are now firmly established as a result of the present study. In this connection, comparison between simulated and experimental Ã ͑0,0,0͒-X SVL emission spectra suggests that there is a significant loss in intensity in the low emission energy region of the experimental spectrum. Further investigations are required to clarify the discrepancies between the simulated and experimental spectra reported in the present study. Experimentally, employing a high sensitivity ICCD as the detector to record the dispersed fluorescence spectrum of AsH 2 ͑see Ref. 30͒ would ascertain the reliability of the experimental SVL emission spectrum reported in Ref. 8 . Computationally, including dipole moment variation over the simulated spectral band, which has been ignored in the present study, may improve the agreement between the simulated and observed spectra.
